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ABSTRACT. The pyridinyllmidagolc compounds, exemplified by SB 203530, originally were prepared as 
inflammatory cytokine synthesis inhibitors. Subsequently, the compounds were found to be selective 
inhibitors for p38 mitogen -activated protein kinase (MAPK), a member of the MAPK family. SB 203580 
inhibits the catalytic activity of p38 MAPK by competitive binding in the ATP pocket- Four homologies of 
p38 MAPK have been identified to date, and interestingly, theit biochemical properties and their respective 
sensitivities to the inhibitors arc distinct. X-ray crystaUographic analysis of p38'inhifcitor complexes 
reinforces the observations node from site-directed mutagenesis studies, thereby providing a molecular basis 
for understanding the kinase selectivity of these inhibitors- The p38 MAPK inhibitors are efficacious In 
several disease models, including inflammation, arthritis and other joint diseases, septic shock* and myocardial 
injury. Pharmacol tiipl 82(2-3) 339-397, 1999- © 1999 Elsevier Science Inc. All tights reserved, 
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ABBREVIATIONS. AA, adjuvant arthritis; ATP, activating transcription factor, CHOP, C/£BP homologous 
protein; CREB, cyclic AMP response-clement binding protein; elF, euknryotic initiation factor; ERK, extraccllu* 
tat'Signal regulated kinase; GST, glucarhione S-u^sferasci 1L, intcricukin; JNK, cjun N-terminus kinase; LI'S, 
hpopolysacchande; MAPK, mito^en-activatcd protein kinase; MAPKAP, mito^n-activ-Atcd protein kinase- 
activated protein; MEF, myocyte enhancer factor. MKK. mituuen-activated protein kinase; MNK, mito- 
getvacrivatcd protein kinase- interacting kinase; MSKl, mitogen- and srrcss-octivated protein kinase I; 
OVA, ovalbumin; SAPK. screes-activated protein kinase; SAR, stnjcture'activity relationship; TGF, tumor 
growth factor; TNF, tumor necrosis factor. 



I. INTRODUCTION 

We have been interested in defining the molecular mecha- 
nisms regulating cytokine biosynthesis. A series of low- 
molecular weight compounds were found to inhibir li- 
polysaccharide (LPS) -stimulated interleukin (JL)-l and 
tumor necrosis factor (TNF) production in human mono- 
cytes (Lee ct al., 1988; 1989). One representative com- 
pound, SK&P 86002, when tested at its 1C 50 for cytokine 
inhibition, had no appreciable effect on DNA, RNA, or 
protein synthesis (Lcc ecal., 1990, 1993). Furthermore, its 
inhibitory activity on IL-1 production was observed with a 
number of different stimuli and target cells. Optimal inhibi- 
tion was observed when the cells were pretreated or treated 
early (<2 hr) in the induction phase of IL-l expression. Be- 
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sides 11,-1, other cytokines, such as TNF-a, IL-6, 1L-8, and 
granulocyte-macrophage colony'Stimulating factor, hut not 
granulocyte colony-stimulating factor or IL-1 receptor an- 
tagonists, were inhibited (Lec et oi.» 1990). Western blot 
analysis continued that the intracellular levels oflL-1 and 
TNF were significantly reduced in LPS- treated human 
monocytes and were not paralleled by similar changes in 
the respective mRNA (Young et d, y 1993). These studies 
establish a profile of cytokine inhibitory properties for 
5K&F 86002 that is uniquely different from the known 
ami-inflammatory agents. While mechanistic srudies sug- 
gest that cytokine synthesis is regulated at the transitional 
level, a full understanding of the compound's action re- 
quired identification of the molecular target of the pyridi- 
nylimidaroles. Therefore, radiolabeled and radiophotoamn- 
ity ligands were prepared to help identify, isolate, and 
determine the peptide sequence of the molecular target and 
clone ittcDNA. 
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PH1SB 202190 was synthesized and its uptake in THP.l 
cells, a human monocytic cell line, was measured. When 
treated with LPS, these cells show an identical pattern of 
cytokine production and sensitivity to drug inhibition to 
that observed in human peripheral blood monocytes. Up- 
take of the radioligand is time- and temperature-dependent, 
saturable , and competitive with unlabel led SB 202190, but 
not with an inactive analog (Lee ct al., 1 994). These results 
suggest that a compound binding molecule exists in THIM 
cell lysates. A binding assay subsequently has been config- 
ured to quanticate the binding of PHJSB 202190 to the cy- 
tosolic fraction of THP.l cells. The binding is specific, 
tirne'dependent, reversible, and of high affinity (fvj « 50 
nM) (Lee et al., 1994). Importantly, when many structural 
analogs were examined, a high degree of correlation was es- 
tablished between cytokine biosynthesis inhibition and 
competition in the binding assay. This confirmed that the 
binding activity was related to cytokine inhibition. Size ex- 
elusion chromatography of cell lysates and sensitivity to 
proteolysis indicated that the molecular target was a pro- 
tein of ca. 40 kOa. However, we were unable to purify the 
target more than ~2Q-fold, as determined by the binding 
assay, and attempts to affinity purify the protein using com- 
pound-bound resin were similarly ineffective. Therefore, 
the radiophotoaffinity analog P* 5 I]SB 206718 was synthe- 
sized to aid in the purification of the drug-binding protein. 
Remarkably, the radiophotoaffinity Ugand cxosslinked to a 
single 43 kDa protein in partially purified cell lysates- 
Crosslinking of SB 206178 was blocked by unlabelled ac* 
tive, but not inactive, compounds in the same rank order of 
potency as seen in the binding assay (Lee et al., 1994)- 

Two unique peptide sequences were obtained by cryptic 
and chemical digestion and were used to make reverse- 
translated synthetic oligonucleotides- These were used as 
probes to screen a granulocyte-inacrophage colony-stimu- 
lating factor-stimulated human monocyte library, and two 
cDNAs containing an open reading frame encoding a pro- 
tein of 360 amino acids were identified. They were identi- 
cal in sequence except for an internal region of 75 bp, 
wtiich shared only 43% identity at the nucleotide and pro- 
tein level The two protein products were named CSBP 1 
and 2. Expression of these two proteins in Escherichia coli 
and yeast showed that they both could bind to the radioac- 
tive and radiophotoaffinity compounds (Lee ct al., 1994; 
Kunn ar et al., 1995), Based on the primary amino acid se- 
quence and a comparison to known proteins in the GEN- 
BANK database, the proteins were found to be novel mem- 
bers of the mitoKOvactivated protein kinase (MAPK) 
family. All of the MAPKs are charactemed by an activa- 
tion loop containing the sequence Thr-Xaa-Tyr, which is 
phospbory luted on both Thr and Tyr by a MAP kinase ki- 
nase (MKK) in response to extracellular stimuli (Cobb and 
Goldsmith, 1995). This phosphorylation results in activa- 
tion of the kinase activity of the MAPK. 

There arc at least three families of MAPKs that differ in 
the sequence and size of the activation loop: the extracellu- 
lar signal-regulated kinases (ERKs) have a TEY motif; the 
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c-Juu N -terminus kinases (JNKs) or stress-activated protein 
kinases (SAPK»), which have a TPY motif; and the p38 
family, which has a TGY motif. The ERKs are stimulated 
by mitogens and several 7-transmemhrane receptor agonists 
(Cobb and Goldsmith, 1995), resulting in the sequential 
activation of Ras. Raf, MKK1 or 2, and ERK, which in 
turn phosphorylates transcription factors such as Elkl and 
STAT I, thereby stimulating their transcriptional activity 
(Gille et al., 1992; Wen ct al. { 1995). Both the jNKs and 
p38 MAPKs are activated by various stress stimuli, includ- 
ing UV, heat, chemical or osmotic shock, IL-1, TNF, and 
endotoxin (Dcrijard et al., 1994; Kyriakis ct aL t 1994; Han 
ct al., 1994; Rouse et al., 1994; Freshney et al., 1994; Lee ct 
al., 1994; Krachtcia/.. 1994;R»ingeaudeta2., 1995). How- 
ever, more recent studies indicate some differences in the 
MKKs that activate these two MAPKs, since p38 MAPK is 
activated by MKK3 and MKK6, whereas MKK4 and MKK7 
activate JNK (Sanchez et al., 1994; Derijard ct al., 1995; 
Linecai., 1995; Han ctal., 1996; Raingeaud et al , 1996). 

2. p38 MITOGEN- ACTIVATED PROTEIN 
KINASE FAMILY MEMBERS AND SUBSTRATES 

Subsequent to the identification and cloning of p38 MAPK 
(Han e< al., 1994; Lee et al., 1994), at least four distinct ho- 
mologues, standardized in the nomenclature as p38ct, 7 
(SAPK3), and 8 (SAFK4), have been identified (Jiang et 
al.* 1997; Kumar et al., 1997; Scein et al, 1997; Mertens et 
al-, 1996; Coedert ct al., 1997), eithet by homology cloning 
or by searching the expressed sequence tag database using 
sequences specific to p3B MAPK- The p383 homologue was 
described by Jiang et al. (1997) as having an 8 amino acid 
insertion. Subsequently, the correct sequence lacking the 
insertion was reported in two studies (Stein et al., 1997; Ku- 
mar et of-, 1997), A common feature of these homoloffues is 
the presence of a 12 amino acid activation loop comprising 
the "TGY" motif. These kinases are -60-70% identical to 
each other. Most of these kinases are widely expressed, ex- 
cept p38*y, which shows the highest express ion in skeletal 
muscle. Among the upstream Icinases, MKK3 and MKK6 
activate one or more of p38 isofonro. MKK3 has been 
shown to selectively activate p38a and p.38y (Enslen et al, 
1998), while MKK6 activates all four isofnrms (Goedert et 
al.. 1997; Cuenda et al., 1997). MKK4 activates both p38 
and JNK (Jiang eta/., 1997), While a few physiological sub- 
strates of p38a MAPK have been identified, the exact 
physiological m vivo substrates, for the other isofbrms are 
unknown. In vitro, several proteins act as substrates for 
p38a or other p3fi isoforms (Kumar et al, 1997). Myelin 
basic protein, a genetic substrate for many protein kinases, 
serves well as a substrate for all p38 isofbrms. 

MAPK-acrivaced protein (MAPKAP) K2 and MAPKAP 
K3 have been identified as physiological substrates for p38 
MAPK, since treatment of cells with SB 203580 (Table I) 
inhibited the activation of MAPKAP K2 kinase (Cuenda er 
al., 1995). MAPKAP K3 was identified in a yeast two hy- 
brid screen using p38 MAPK as bait (McLaughlin et al., 
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p38 MAPK Inhibitor* 



TABLE 1 . Structures of p38 MAP Kinase Inhibitors 





Compound 


p38 
(1C S0 , nM) 


Compound 


P 38 
(ICso. nM) 


SKF 86002 


1500 


SB 220025 


19 


SB 203580 


48 


SB 210313 


1300 


L- 167307 


5.0 


SfW 16385 


480 


Compound 1 


83 


RWJ 68354 


9,0 



1996). MAPKAP K2/3 is activated rather poorly by p3&Y 
and p388 (Cucnda et al., 1997; Kumar et at, 1997). Acti- 
vated MAPKAP K2/3 phosphorylatcs the small heat-shock 
protein 25/27 , which may be involved in cytoskeletal reor- 
ganization. p38(3 has been proposed to phosphorylate acti- 
vating transcription factor (ATP) 2 with higher efficiency 
than p38ot Qiang et al., 1997; Stein et al., 1997), while oth- 
ers have shown that all four isoforms phosphorylate ATF2, 
as well as Elkl and SAP1, with equal efficiency (Goedert et 
d. t l997;Cuenda etal., 1997; Kumar eeol., 1997). 

Following phosphorylation of MAPKAP kinase-2, nu- 
clear p38 is exported to the cytoplasm in a complex with 
MAPKAP kinase-2. The cytoplasm translocation of MAP- 
KAP kinase-2 requires phosphorylation by p38 without a 
requirement for MAPKAP kinase-2 activity (Ben-Levy et 
al, 1998). MAPKAP kinase-2 serves both as an effector of 
p38 by phosphorylating substrates and as a determinant of 
cellular localization of p38. Nuclear export of p38 and 
MAPKAP kinase-2 may permit them to phosphorylate cy- 
toplasmic substrates, such as cukaryotic initiation factor 
<cIF)-4E smdPHAS-1. 

p38 Regulated/activated kinase is a 471 -residue kinase 
with 20-30% sequence identity co other known kinase sub* 
stratcs. The kinase can be activated in response to cellular 
stress and pro-inflainmatory cytokines, and is regulated hy 
p38ot and p380 and phosphcrylates Hsp27 tn vitro and in 
vivo (New et al, 1998). A recent study (PtcviIIc et al., 
1998) used a nonphosphorylatablc Hsp25 to define the 
physiological role of Serl5 and/or 86 phosphorylation, 
which has been suggested to interfere with hypcfaKgrega- 
tton of the protein involved in the cytoprotective effect 
against oxidative stress. 

Mitogen- and SAPK1 (MSK1) is a protein-sen ne/threo- 
nine kinase that contains two kinase domains in a single 
polypeptide (Deak ti aL 1998). Activation of MSKl by 
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peptide growth factors/phorbol esters and environmental 
.stimulation »tc blocked by the MKK/MEK inhibitor PD 
98059 and the p38 inhibitor SB 203580, respectively. In 
HeLa and PC 12 cells, borh PD 98059 and SB 203580 are 
required to block MSKl activairion by TNF, nerve growth 
factor, and fibroblast growth factor, which is consistent 
with the fact that these agonises activate both the ERK and 
p38 MAPK cascades. The pharmacological inhibition pro- 
file and agonist-induced activation of cyclic AMP re- 
sponae-element binding protein (CREB) and ATFl mirror 
MSKl activation, suggesting that MSKl may mediate 
growth factor and stress-induced activation of CREB (Deak 
ct al., 1998). MAPK interacting kinase 1 and 2 (MNK 1/2) 
are protein serine/threonine kinases identified to physically 
associate with MAPKs (Waskiewicx a al, 1997; Fukunaga 
and Hunter, 1997). MNKl and 2 are structurally similar to 
MAPKAP K2/3 and p90*£K MNK I binds tighdy to ERK 1/2 
and p38, whereas MNK2 binds only ERKl/2. Both ERKs 
and p38 phosphorylate and activate MNK1 in response to 
peptide growth factors/phorbol esters and environmental 
stress, and the activation by these stimuli is differentially 
inhibited by PD98059 and SB 202190 (Fukunaga and 
Huncer, 1997). In vuro- activated MNK1 phosphorylates 
elME at the physiologically relevant site, Ser209 (Wa- 
skiewia ct al., 1997; X. Wang ct at., 1998). 

While a number of transcription factors are phosphory- 
I a ted in vitro by p38, the physiological relevance of this 
phosphorylation is unknown. CHOP (C/EBP homologous 
protein) ts a member of the C/EBP family of transcriprion 
factors that accumulates under conditions of stress and me- 
diates the effect of cellular stress on growth and differentia- 
tion. In response to stress, CHOP undergoes phosphoryla- 
tion on adjacent serine residues, 78 and 81, which is blocked 
by SB 203580. In vitro, CHOP is phosphorylated on serine 
residues by p3 8 MAPK, and phosphorylation positively cor- 
relates with its transcription activity (Wang and Ron, 1996). 

Myocyte enhancer factor (MEF)2C was identified in a 
yeast two hybrid screen using p38 MAPK as bait (Han et 
al., 1997). In monocytes, LPS enhances the transcriptional 
activity of MEF2C through p38-catalyscd phosphorylation. 
Activation of MEF2C results in increased c-jun transcrip- 
tion, suggesting that p38 may influence host defense and 
infkunmation by regulating c-Jun production. ATF2 is effi- 
ciently phosphorylated by all four isoforms of p38 and by 
JNK1 and 2 in vitro. While it is an excellent m vitro sub- 
strate for p38 and other isoforms, it is not clear if ATF2 is a 
physiological substrate of p38ot since the transcriptional ac- 
tivation or phosphorylation -mediated mobility shift in 
ATF2 has not been correlated yet with pharmacological In- 
hibition of p38 MAPK. Elkl and SAPl ate also phosphory- 
lated efficiently- As with ATF2, it remains to be elucidated 
whether they are true physiological substrates in vivo. Re- 
cently, stathmin, a cytoplasmic pnocein that is linked to the 
regulation of microtubule dynamics and is a substrate for 
several intracellular signaling kinases, was also identified to 
be a substrate for p385 in a solution kinase assay. Osmotic 
stress-activated p3&5 has been shown to phosphorylate 
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static m in on Ser25 anil Scr38 in vitro and in cells (Parker et 
al.. 1998). 

3. INHIBITORS OF p.38 

MITOGEN.ACT1VATED PROTEIN KINASES 

The p38 kindle inhibitor described thus far contain a com- 
mon ser of structural features. The important elements of 
the pharmacophore derived from a scries of several tri- and 
tetra'substituted imidarole inhibitors of p38 have been de- 
scribed (Gallagher ctd. t 1997). In summary, all imidazole- 
based p38 inhibitors contain the elements of a 4-aryU5-(py- 
ridin-4-yl) imidazole. Further substitution of the imidazole 
at N-l adjacent to the azaheteroaryl (SKF 86002 and SB 
220025) or at C-2 is allowed (SB 203580), while substitu- 
tion of the imidazole nitrogen adjacent to the aryl group is 
not- With the recent publication of several alternatives to 
the central imidazole, the scope of known p38 inhibitors 
has been broadened considerably (Hanson, 1997; Henry et 
al-, 1998; de Uszloeca/., 1998), 

de laszto ei ai. (1998) described the synthesis of regioiso* 
meric futan, pyrrole (L-167307) and pyrazolinone (Com* 
pound 1) triaryls. In each case., one regioisorner is preferred, 
and the pyrrole is the best of the three imidazole replace- 
ments. The structure-activity relationship (SAR) derived 
from optimization of L-167307 paralleled the trend ob' 
served by Gallagher ct al (1997), suggesting a similar bind- 
ing mode. The I ^.^-substitution pattern of the core hnida- 
zole has aLso been explored (SB 210313) (Bochm et at., 
1996). The SAR for this series has been extended to the ex- 
amination of substituted pyriinidines as replacements for 
the 4-pyridyl (SB 2 J 6385) (Adatns et d. y 1998). Signifi- 
cantly, several of these pyrimidincs demonstrate improved 
in dm> and m vivo activity relative to the 4-pyridyl com- 
pound. The activity and selectivity of a more potent pyrim- 
Idinyl imidazole (SB 220025) in an m vivo model of angio- 
genesis has heen reported recently (Jackson et d. r 1998). 
The p38 activity of representative inhibitors is detailed in 
Table 1, 

4. KINASE INHIBITION AND BINDING 

A sensitive kinase assay was developed for p38 MAPK us- 
ing the T669 peptide substrate derived from the intracellu- 
lar domain of the epidermal growth factor receptor (Young 
etal., 1997). Double reciprocal plot of initial velocity ver- 
sus ATP concentration indicates that the value of K ra [ ATP] 
in the absence of inhibitor is 170 p.M (Young ct al. t 1997). 
Initial velocity determinations performed in the presence of 
several concentrations of SB 203580 demonstrates that the 
inhibitor competes with ATP and has a K t value of 2 h Sim- 
ilar observations have been reported by others (LoGrasso ct 
al y 1997; Frantz ct al, 1998). The KJATP] value observed 
using the T669 peptide substrate is about 7-fold higher than 
that reported using an ATF2-glutathione S -transferase 
(GST) fusion protein as the substrate (Franca ct al. t 1998). 
The difference in the values of apparent K m is likely to be 
due to the use of different phosphate acceptors, and may re- 
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fleet the influence of a protein substrate on ATP binding 
affinity. In this regard, LoGras$o et al, (1997) observed diat 
the kinetic reaction of p38 MAPK proceeds by a rapid- 
equilibrium ordered sequential mechanism with the ATF2- 
GST fusion protein substrate hind ing before ATP, and that 
binding of one substrate affects the binding of the other. 
This ordered sequential mechanism is unique for p38 
MAPK as compared with cAMP-dependent protein kinase 
(Cook et at., 1982) and most tyrosine kinases (Boemer et 
d 1995; Posncretdf., 1992), and may explain the different 
KJATP] values observed with T669 and ATF2-G5T as 
phosphate acceptors;. 

Additional biophysical experiments described by Young 
and co-workers (1997) on the inactivated kinase offer use- 
ful insights into the mechanistic details of inhibitor bind- 
ing. The binding of SB 203580 to E. cob-expressed unphos- 
phorylatcd p38 has been determined by microcalorimetry. 
SB 203580 binds to p38 with —1:1 stoichiometry and a K D 
of 15 nM and a AH of —12 kcal at 30°C. In accordance 
with the ATP competitive inhibition kinetics, no binding 
of SB 203580 was observed when unactivated p38 was re- 
acted with sulfonylbenioyl adenosine, a covalent ATP-site 
inhibitor of kinases. Although E. cofc-expressed p38 has no 
detectable protein kinase activity, the protein has intrinsic 
ATPase activity in the absence of substrate 0.006 s _l 
and ATP K m of 9.6 mM). The ATPase activity was 
completely inhibited by a l*mo1 equivalent of SB 203580, 
K, ^100 nM. Hence, SB 203580 potently inhibits the en- 
zymatic activity of both the activated and unactivated 
forms of p38 MAPK. 

Because of the high intracellular concentration of ATP, 
some 100-fbld greater than the K^, ATP competitive ki- 
nase inhibitors should demonstrate significantly attenuated 
activity in intact cells- However, the pyridinylirnidazolc in- 
hibitors demonstrate equivalent potency in recombinant 
enzyme and cellular assays. Two models have been ad- 
vanced to explain the lack of attenuation of activity in cel- 
lular systems (Frantz et al., 1998). The first model proposes 
that the lifetime of the activated enzyme is sufficiently 
short that the inactivation rate of activated- inhibitor corn- 
pleat by phophatascs is greater than the formation of the ac- 
tivated enzyme- ATP complex. If this were to occur, the in- 
hibitor would behave as if it was noncompetitive with 
respect to ATP. In support of this proposal is the poor bind- 
ing affinity of ATP to the unactivated p38 (K m 9.6 mM) 
(Young ct di. f 1997) and the observation that effective 
competition by ATP with the pyridinylimidazolcs is only 
seen with the activated kinase (Frantz et td. t 1998). One ca- 
veat for this mechanism is that it assumes that the binding 
of protein substrates, which in vivo may exist as a complex 
or pre-associate with p38 prior to activation, does not sub- 
stantially affect the K m of ATP. Although this may be the 
case for unactivated p38, it clearly does not apply to acti- 
vated p38, where binding of the protein substrate grearly 
increases the affinity of ATP binding. Measurement of the 
affinity of the emytne-suhsrrate. complex for ATP, as well as 
measurements of the lifetimes of activated enzyme inhibitor 
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p38 MAPK Inhthirors 

ftnU yctwatcd cnryme-subscrate-inhibitor complexes, will 
be required to assess the potential merit of this model. 

Binding of pyridinylimidazole to p38 does not prevent its 
activation by p38 MKKs in cells. When HeLa cells are pre- 
treated with SB 203580 prior to addition of 0.4-mM sorbi- 
tol, activation of the downstream in vivo substrate of p38, 
MAPKAP kin&se-2, as measured by m vitro phosphorylation 
of Hsp27, is inhibited. However, in vitro kinase assay of im- 
munoprecipitated p38 from cells created identically and 
washed free of the compound shows that SB 203580 has no 
inhibitory effect on the p38 kinase activity; whereas if SB 
203580 is added back during the in vitro kinase reaction, in- 
hibition of p38 activity is evident. Furthermore, SB 203580 
has no effect on tyrosine phosphorylation of p38 MAPK 
when harvested directly from the cells without in vitro incu- 
bation. This and other data strongly indicate that SB 
203580 binding docs not prevent activation of p38 MAPK, 
which is in contrast with that reported by Frantz et d. 
(1998), which suggests that in LPS-stimulated THP-1 cells, 
the compound inhibits p38 activation as well. In another 
report, SB 203580 also foils to block activation of p38 in ar- 
sinate-activated 293T cells, white it blocks the export of 
nuclear p38 to the cytoplasm (Ben-Levy et oi., 1 998). 

5. KINASE SELECTIVITY 

A high level of selectivity for inhibition of p38 versus —30 
protein kinases has been reported for SB 203580 and is 
shown in Table 2 (Cuenda et d. t 1995; Young et al., 1997; 
Kumar et d,, 1997; de Laszlo et d. t 1998; Eyers et ol. v 1998; 
S. Kassis ct d. t unpublished). Selectivity ratios based on 
ICtfs often exceed 1000. Whereas SB 203580 is equipotent 
against p38a and p38(3, other closely related MAPKs, such 



TABLE 2 » The Sensitivity Profile among Protein Kinases to 



SB 203580 




Equivalent 


SB 203580 




Kinase 


residue 


(IC, q , nM) 


Reference 


p38« 


T 


48 


Young etd., J 997 


P38P 


T 


50 


Kumar eiflt, 1997 


P 38 7 


M 


> 10,000 


Kumar el dl., 1997 


p38o 


M 


>10,000 


Kumar stqL, 1997 


JNK1 


M 


-5000 


de Laszlo etoi.. 1998 


JNK2pi 


M 


280 


de Laszlo eiol., 1998 


JNK2c*2 


M 


1900 


de Laszlo ctal., 1998 


ERK2 


Q 


> 100.000 


CuendoetaL, 199*5 


Mck.l 


M 


61,000 


Cuenda et aL.1995 


Cdc2 


F 


> 50,000 


Cucnqatf aL, 1995 


PKA 


M 


83,000 


S. Kassis, unpublished 


PKC-P2 


M 


>50,000 


S. (Cassis, unpublished 


TGFpl 


S 


20,000 


Eyers etoL, 1998 


TCF-pil 


T 


40,000 


Eyers ci ai., 1998 


c-Raf 


T 


360 


dcLsvzIo ct cii.,1998 


MAPKAT2 


M 


> 10,000 


Cuenda ctal., 1995 


ZAP70 


M 


>20,000 


de La*zluecol,, 1998 


LCK 


T 


20.000 


Eyers etol.. 1998 


EGFR 


T 


10,000 


5>. Kassis, unpublished 



FOFR, rpiJvnmiJ Rrwh (actor receptor, PKA. protein kinase A; PKC, 
prurrin Itin^e C. 



393 

as p387» p38S, JNK1, and Erk2, are not or are weakly inhib- 
ited- The most potent inhibition repented for non-p38 ki- 
nases by SB 203580 are c-Raf (IC So 360 nM) and JNK2gl 
(ICso 280 nM)- SB 203580 does not appear to be unique in 
its kinase selectivity profile, as selective inhibition of p38 
kina.se has been reported for several structurally related 
compounds (Jackson et ai., 1998; de Laszlo et a!., 1998). 

6- STRUCTURAL BASIS OF SELECTIVITY 
EXPLORED THROUGH MUTAGENESIS 

Mutagenesis studies have been used to explore the basis for 
the selective inhibition of p38 MAPK by the pyridinylimi' 
dazoles. Residues in the ATP pocket have been individually 
mutagenized and examined fur their effects on kinase activ- 
ity and p38 binding and/or inhibition (Young et a/-, 1997). 
The data from these experiments are in agreement with 
subsequent X-ray crystal log raphic finding?; that the pyridi- 
nylirnidazoles and ATP occupy different, although overlap- 
ping, regions of the ATP pocket. Based upon the X*ray 
crystal lographic data implicating ThrlOS as a key residue 
mediating selectivity, additional mutagenesis studies have 
focused on Thrl 06 and two adjacent residues at the back of 
the ATP pocket (Gum et d,. 1998). These same three resi- 
dues are found in p38p t the closest homologue to p38a, but 
are not found in the more distant homologucs p38*y and 
p385 (Kumar et al, 1997; Goedert et e<i.. 1997; Cuemla et 
aL f 1997). p38a and p38(* are inhibited by SB 203580 and 
SB 202190, with LCsqS of 0-092 u,M and 1 u,M, respectively. 
p3Sv and p.38o are not inhibited by cither SB 203580 or SB 
202190 at concentrations up co 50 u,M- When these three 
residues in p38ot (Tht106, Hisl07, Leut08) are changed to 
the Met-Pro-Phe present in p3fcVy and p388, the enzyme ac- 
tivity is no longer inhibited by SB 203580 (Gum et d. t 
1998). A single change of Thr|06 to Met results in a 10- 
fold reduction in the sensitivity to SB 203580. In contrast, 
introduction of Thr-His-Leu into p38-y and p386, or the 
more distandy related JNK1 , is sufficient to render these ki- 
nases sensitive to SB 203580. In these same three kinases, 
the single change to Thrl06 led to an increase in seositiv* 
ity. Interestingly, the single change to or from ThrJ 06 ap- 
pears to be all that is required to obtain complete changes 
in sensitivity to SB 203580 when these emymes are ex* 
pressed m bacteria or yeast, which suggests that the other 
two residues may interact with other proteins in mamma- 
lian cells (Gum et d.> 1998; Eyers at al> 1998). 

Mutagenesis studies by Eyers et d> (1998) have explored 
the sensitivity of p.38-y to mutations at position 106 (p38e< 
equivalent). Native protein (Metl06> IQo > ^ u-M) was 
insensitive CO SB 203580, as were all mutants having resi- 
dues bulkier titan threonine. Mutants having a threonine 
(ICso 0-3 iaM) wens sensitive to SB 203580, while smaller 
residues (alanine, IC 50 0.01 U.M 1 ) showed a further enhance- 
ment in SB 203580 sensitivity. Taken together, these data 
identify Thrl 06 as a key residue responsible for forming the 
4-fluorophenyl specificity pocket and arc ftdly consisrem 
with the X-ray structural data. Thus, Eyers et d. proposed 
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the broader application of the residue sue at position 106 as 
a diagnostic to predict the sensitivity of any protein kinase 
to SB 20.3580- One such prediction, thar rumor growth fac- 
tor (TGF)-pRl kinase would be sensitive, has pTOven to be 
true, although the potency of SB 203580 inhibition t's two 
orders of magnitude less than its effect on p3Ba per sc (Eyers 
et d. t 1998)* The selectivity data in Table 2 allow one to 
gauge the generality of Thrl06 as a diagnostic feature. Al- 
though these data are Supportive of the proposed diagnostic 
importance of Thr 1 06, the varied conditions of the enzyme 
assays and failure to test at sufficiently high concentrations 
weakens the correlation. Nonetheless, the potent inhibi- 
tion of c-Raf and weaker inhibition of TGF-P and tyrosine 
kinases arc consistent with the proposed general role of the 
Thr 106 residue for formation of the fluorophenyl binding 
pocker. 

7. X-RAY DATA 

Reports from two laboratories describe the X-ray crystallo- 
graphic structure of native unmotivated p38a (Wilson et aL, 
1996; Z. Wang et cd. t 1997). More recently, multiple struc- 
tures of pyridinylimidazole p38 complexes have become 
available (Li et al. t 1996; Tong et aU 1997; Wilson tt aL> 
1997; Z, L Wang etal. t 1998). The binding interactions de- 
fined by these structures are in good agreement with the 
published SAR for this class of inhibitors (Gallagher et aL, 
1997). Important features observed in alt of these structures 
are (I) the formation of a 4-fluorophenyl binding pocket 
behind and orthogonal to the site normally occupied by the 
adenine ring of ATP, (2) a well-formed hydrogen bond 
between the 4-pyridyl nitrogen and the amide N-H of 
Metl09, and (3) H-bond-like interaction between Lys53 
and the unalkylated imidazole N-H (Fig. 1), 

The interaction between the 4-pyridyl group and the 
N-Il of Met! 09 is analogous to the H-bond, which is seen 
for the N-l adenine of ATP in all available kinase crystal 
structures. Moreover, this hydrogen bond acceptor-donor 
pair occurs in all inhibitor-kinasc crystal structures. The in- 
teraction of the imidazole N-H with Lys53 Is nor a Con- 
served feature of other small molecule kinase structures; 
however, as Lys53 is a highly conserved ATP-binding resi- 
due, uSis i interaction is unlikely to contribute to selectivity. 
Whereas pyridine and imidazole serve as adenine mimeiics 
important for affinity, the fluorophenyl group, which occu- 
pies a region of the active sire not utilized by ATP, appears 
to be the key feature of the inhibitors contributing to selec- 
tivity. The corresponding key feature of the protein that ap- 
pears to impart selectivity Is Thr 1 06, which forms one foce 
of the fluorophenyl binding pocket. A larger side chain at 
this position blocks formation of this binding pocket. Fur 
example, ERK2, which has the larger glutamine side chain 
at position 106, is insensitive to SB 203580 (Z. L. Wang «l 
a/., 1998). Because a limited number of kinases (10% of 
Ser/Thr kinases and 53% of Tyr kinases) (Hanks and 
Quinn, 1991) have side chains the sue of threonine or 
smaller (Val or Set), the relatively rare occurrence of the 
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HGUREl. Active-site view of crystal structure for SB 
203580 in p38. Protein residues shown include the hinge 
region T106 to M109 and residues K53, TTQ6 which form the 
aryl binding pocket* Hydrogen bonds are shown as dotted 
lines* Protein kinase A coordinates for ATP have been used 
to position ATP. 



fluorophenyl binding pocket appears to be an important 
feature governing selectivity of p38 kinase inhibitors. 

8. PHARMACOLOGY OF 
PVRIDINYLIMTOAZOLE p38 
M1TOG EN-ACTIVATED PROTEIN 
KINASE INHIBITORS 

The p38 MATK inhibitors described here are potent inhib- 
itors of the synthesis of pro-inflammatory cytokines, such as 
IL-1 and TNF, m vitro. Many of these cytokines, when pro- 
duced in excess or a dysregulatecl fashion, have been clearly 
shown to initiate and/or cause progression of inflammatory 
diseases (Lee el d-, 1988, 1994; Lee and Young, 1996). 

SB 203580 has been profiled in a number of pharmaco- 
logical models both in vitro and m vivo and demonstrated its 
activity in a wide variety of TNF-a-mediated animal tnod- 
els (Badger et «/„ 1996). SB 203580 inhibits LPS-induced 
TNF-a m vivo in both mice and rats, with lC so s of IS and 
25 mg/kg. respectively. SB 203580 dosed for 7 days at 50 
mg/kg orally (b,i.d.) reduces joint edema in the collagen- 
induced arthritis model in DBA/1 LACJ mice. In addition, 
SB 203580 is effective in inhibiting IL-1 -induced nitric ox- 
ide production in bovine articular cartilage explants and 
chondrocytes (Badger etcl. t 1998). This reduction in nirric 
oxide production is a result of decreased transcription of the 
inducible nirric oxide synthase gene- SB 203580 is highly 
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p38 MAPK Inhibitor 

effective tn reducing paw Inflairuviation in the adjuvant ar- 
thritic (A A) rat at doses of 30 and 60 Trtg/kg/day, with opti- 
mum inhibition observed at 60 mg/kg/day (86% inhibition 
on day 16). Evidence for protection of joint integrity Us sup- 
ported by a normalization of bone mineral density and bone 
content. Histological evaluation of the affected joints reveals 
a clear beneficial effect on both bone and cartilage. Serum 
levels of IL-6 are also reduced tn drug- treated A A rats. 

The protection of bone integrity in the A A rut led us to 
evaluate SB 203580 in a direct in vitro assay of bone resorp- 
tion, the fetal rat long-bone assay. SB 203580 dose-depen- 
dently inhibits parathyroid hormone-stimulated bone re- 
sorption (ICso, 0-6 \lM). Although the precise mechanism 
of action of the compound (and other pyridinyl imidazoles) 
on bone resorption has not been fully defined, it appears to 
be related to the compound's cytokine suppressive proper- 
tics, as selective cyclooxygenase and dual cyclooxygenase/ 
lipoxygenase inhibitors were inactive in this organ culture 
system (Votta and Bcrtolini, 1994). 

Another animal model where TNF-ct has been shown to 
play an important role is that of endotoxin -induced shock. 
SB 203580 reduces setum TNF-ct in LPS/0-gal sensitized 
mice and improves theit Survival at high doses (Badger « 
al., 1996)- While it is clear that SB 203580 is a potent in- 
hibitor of IL-1 and TNF-a in vitro and that it is pharmaco- 
logically active in a number of animal models m vivo, the 
question arose whetbet such a potent cytokine inhibitor 
would also be immunosuppressive. This has been addressed 
by examining its activity in vivo in mice immunized with 
ovalbumin (OVA). Apart from partial inhibition of specific 
antibody levels against OVA, there is no suppression of 
OVA-specific T-ccll proliferation, an allogeneic response, 
or of mitogen (concanavalin A)- induced proliferative re- 
spoases (Badger et d. 1996). The pharmacological profile 
that has been described for SB 203580, a potent p38 MAPK 
inhibitor, would appear to bo one that would be desirahle 
for an anti-arthritic therapeutic agent. 

9- CONCLUSION AND PERSPECTIVES 

The recent discovery of several potent inhibitors of protein 
kinases that appear to retain considerable rrt vitro and in vivo 
specificity, despite competing at the ATP site, bodes well 
for the development of therapeutic agents directed towards 
blocking protein kinase activity. The pyridinyl imidazole 
p38 MAPK inhibitors are supportive of this promise. 
Through the in-depth understanding of the mechanisms of 
action, it is possible to correlate structural aspects of mhibi* 
tor/kinase Interactions at the molecular level. Further un- 
derstanding of the basis for kinase specificity will come 
from an understanding of tbe derailed interactions between 
enzyme and inhibitors through mechanistic enzymology, 
structural, and mutagenesis studies. These insights have 
helped tn the understanding of p38 MAPK inhibition. 
Availability of selective kinase inhibitors, even as ATP 
competitors, could provide invaluable tools to dissect the 
pathophysiological roles of protein kinases, and may even 
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help to identify suitable inhibitors for clinical use as novel 
therapeutics. 
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